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INTRODUCTION
Experimental study of a hot and dense nuclear matter formed in Au + Au collisions at the 5 √ s NN 11 GeV energy range has to be a major challenge for the ion collider NICA under development at JINR, Dubna [1] . To carry out such experiments, a Multi-Purpose Detector assembly (MPD) will be constructed and installed close to one of the two beams interaction points (IP) of the NICA [2] . The MPD consists of various detectors for studying characteristics of numerous secondary particles produced in IP within a wide interval of pseudorapidity. The fast forward detector (FFD) is one of them, and its aim is high-speed production of signals serving for the L0-trigger system with selection of nuclei collisions occurring close to IP and for generation of precise start pulse to activate the TOF detector.
Nowadays the R&D stage of the FFD project is realized and many questions regarding FFD functioning are under development and investigation. In this paper, we discuss the concept of FFD, MC simulation of the detector performance, a prototype of the FFD module andˇrst experimental tests with proton beam and cosmic rays.
DETECTOR CONCEPT
High efˇciency of the MPD operation implies detecting Au + Au collisions of any centrality with a time resolution σ t 50 ps. We propose the FFD as a technical solution, according to this requirement.
An excellent time resolution should allow the FFD to function: (1) generating precise start signal for the TOF detector of the MPD; (2) producing pseudo-Vertex signal by fast identifying z position of collision along beam line with an accuracy of better than ±1.5 cm; (3) initializing L0-trigger. Besides, there are some additional important tasks where the FFD is a useful instrument. It can be of much help in adjustment of beamÄbeam collisions at the center of MPD setup and operative control of the collision rate and interaction point position during a run.
It is necessary to note that some similar fast detectors, of two arms to the left and to the right from IP, are already used with the same purpose in experiments at RHIC and LHC colliders.
In the PHENIX experiment, the BeamÄBeam Counter (BBC) is used as the start detector [3] . It consists of two arrays of Cherenkov quartz counters located very close to the beam pipe at a distance of 144 cm from IP and covers the pseudorapidity range of 3.0 < |η| < 3.9. A Hamamatsu R3432ˇne mesh dynode PMT is used to detect the Cherenkov light. This PMT is capable of operating in strong magneticˇelds. The fully implemented and installed BBC of 128 channels showed a single detector time resolution of (52 ± 2) ps at RHIC for 130 GeV per nucleon Au + Au collisions [4] .
The time-zero Cherenkov detectors [5] in the PHOBOS experiment are located at |Z| = 5.3 m from IP. The resolution of each readout channel was about 60 ps after corrections on the slewing effect [6] , which causes correlation between the time t recorded for a pulse and the size of the pulse, or amplitude A.
Two arrays of the ALICE T0 detector [7] , each consisting of 12 PMTs, are located from IP at a distance of 70 cm on one side, covering the pseudorapidity range of 2.9 < |η| < 3.3, and at 370 cm on an other side, covering the pseudorapidity range of 5 < |η| < 4.5. The 3.0-cm-thick quartz Cherenkov radiators are optically coupled to theˇne mesh dynode PMTs FEU-187, produced by Electronˇrm, Russia. In test runs with a beam of negative pions and kaons, the time resolution of 37 ps was obtained for the detector with 3.0-cm diameter radiator, and better time resolution of 28 ps was obtained with a smaller 2.0-cm diameter radiator [8] .
The STAR start detector upVPD also consists of two identical arrays with 19 readout channels. Each readout channel consists of a Hamamatsu R5946ˇne mesh dynode PMT, a Bicron BC420 scintillator, and a 6.4-mm Pb converter layer (∼ 1.13X 0 ). The primary photons hit the Pb layer and generate by pair production process some ultrarelativistic electrons, which come in the scintillator and produce scintillation light. The time resolution of single detector channel of 122 ps was measured in cosmic ray test [9] .
At relatively low energies of NICA, the detectors have to match rather speciˇc features of experimentation with the beams, which have velocities within the interval 0.78 < β < 0.98, unlike experiments with the beams of ultrarelativistic energies at other colliders. In particular, the distinctive feature of a detector design for MPD/NICA is due to the fact that here secondary charged particles are mostly not relativistic within a large spread of velocities; moreover, the particle production is characterized by a much lower multiplicity. Therefore, an optimal solution in our case is to use a well-known phenomenon of multiple production of pions in central and semicentral collisions of heavy nuclei, where detection of the photons from neutral pions decays can help to reach the best timing.
Thus, the detector concept is based on the key idea, to register a fraction of highrapidity photons along the beam line in both directions from IP. In the FFD, the high-energy photons are registered by their conversion to electrons inside a lead plate with thickness of ∼ 1.5−2X 0 . A similar method was realized in the STAR start detector. The electrons leave the lead plate and pass through a quartz radiator, generating the Cherenkov light with excellent time characteristics. Such a detector has high efˇciency of registration for photons and charged particles with β > 0.69. The FFD consists of two subdetectors FFD L and FFD R , arranged as modular arrays and placed symmetrically along the beam line at a distance of 75 cm to the left and to the right from the MPD center ( Fig. 1, a) . Each subdetector array has a hole for the beam pipe and a pseudorapidity acceptance of 2.3 < |η| < 3.1.
Very important point is a choice of photoelectron device, which converts the Cherenkov light into an electronic pulse. In comparison with PMTs used in such detectors at RHIC and LHC, a multianode MCP-PMT Planacon, recently developed by Photonis [10, 11] , has more promising features. The emergence of Planacon provoked wide spread development of advanced detectors with a picosecond time resolution for present and future experiments, BaBar [12] , ATLAS [13] , Belle [14] , LHCb [15] , and PANDA [16] . This device, shown in Fig. 2 , has rectangular form with a photocathode of 53 × 53 mm, which is sensitive in visible and ultraviolet region and occupies 81% of the front surface. This is very important for designing fast Cherenkov detectors with dense packing of a deˇnite number of PMTs into a large-scale detector array.
The MCP-PMT Planacon XP85012/A1, chosen for the FFD counters, has a matrix-like 8 × 8 multianode topology. The inner chevron assembly of two MCPs with 25-μm channels gives a typical gain factor of ∼ 10 5 −10 6 , depending on a value of high voltage applied. Good linearity of output pulses with the 0.6-ns rise time, the transit time spread σ TTS ∼ 37 ps [17] , and low noise are important characteristics, providing picosecond time resolution of the FFD. High immunity to the magneticˇeld of the MCP-PMTs is the crucial factor for detectors' operation because the FFD will function in strong magneticˇeld of the MPD with B = 0.5 T.
Careful experimental tests with picosecond lasers, relativistic beams of single-charged particles, and in magneticˇelds with ramping up from zero to 1.5 T were carried out by different groups to study the most critical characteristics of the MCP-PMTs for developing a new generation of detectors with picosecond time resolution [14, 16Ä18] . These studies showed the following: (i) signals from anode pixels are characterized by fairly at response with variation factor of 1.5 with rather low cross talk; (ii) the single photon time resolution does not depend on the magneticˇeld; (iii) Planacon XP85012 has stable operation up to the single photon rate ∼ 1 MHz/cm 2 at gain 10 6 ; (iv) the lifetime depends on the integrated anode charge, and it was found that for XP85012 the gain decreases only by a factor of 0.9 with increasing anode charge up to 100 mC/cm 2 (in addition, experts of Photonis claim that lifetime of Planacon devices has recently been much increased). The last characteristic leads to the conclusion that the FFD counters based on MCP-PMTs XP85012 will operate without essential change of their characteristics during about 10 years of beam time. This estimation is based on the beam conditions planned for MPD/NICA, results of our simulation, and low gain regime of the MCP-PMT operation.
Following experience of other groups [17] and our test results, operation of Planacon at low gain demonstrates good time resolution and gives some advantages. It has better aging properties and rate issues. By lowering the gain, the FFD counter becomes sensitive only to relativistic charged particles traveling through the Cherenkov radiator and does not see a background with a few photoelectron deposits from γ rays. Each high-energy photon coming from IP produces several energetic electrons in Pb plate. The electrons pass through the radiator and generate high response of MCP-PMT. Additional ampliˇcation by a factor between 30 and 100 is provided by fast front-end electronics (FEE) of the counter.
The radiator has to be thick enough to get rather large number of photoelectrons N pe from photocathode and a sufˇcient signal-to-noise ratio for good timing. The radiator bars with polished sides are made of fused quartz. The measurements performed by several groups show that the time resolution degrades very rapidly as N pe goes down for shorter radiator length, and one needs at least 10-mm-thick radiator plus 2-mm-thick window, or N pe ∼ 30 photoelectrons, to get good time resolution σ t at low gain. The MCP-PMT contribution σ MCP-PMT to σ t falls down as N pe or radiator length increases, but the fraction from radiator σ rad , due to spread of arrival time of Cherenkov photons on the photocathode, grows as the radiator length increases. The total sigma has a minimum around the length of 17 mm [17] . Thus, our choice of the quartz radiator length in the FFD counters is 15 mm plus 2-mmthick window.
The time resolution can be estimated by formula
where σ PB Å contribution of anode pixel broadening effect; σ PS Å contribution of path spread for pixels joined together into one pad; σ elec Å time resolution of electronics. In ideal case for FFD counter, one obtains σ t ∼ 10 ps for a single detector channel. Here the following quantities were taken: σ MCP-PMT = σ TTS / N pe ≈ 37 ps/6 ≈ 6 ps, σ PS = 0 ps, and σ elec = 5 ps. In experiments with detectors based on MCP-PMTs, typical values of σ t lie between 20 and 30 ps, and only the best results show σ t < 15 ps.
It is important to note that for Au + Au collisions, typically not one but several channels of each of the FFD subarrays will produce the pulses for timing. Using statistical methods over multiple simultaneous measurements, one can essentially reduce the uncertainty of start signal.
The main parts of the detector are schematically shown in Fig. 3 , which are two FFD arrays with FEE, subdetector electronics, Vertex/L0-trigger electronics, readout electronics, and ps-laser calibration system.
The FFD subdetector array consists of 12 identical modules (counters) where each module has a 2 × 2 cell structure. So the total number of independent electronic channels is 48. Each module consists of a lead converter, a set of four quartz radiator bars, MCP-PMT XP85012/A1, and fast front-end electronics (FEE) as a source of signals for readout and Vertex/L0-trigger. The MCP-PMT with 64 anode pads is transformed into the 4-channel photodetector by merging 16 pads (4 × 4) of each cell into a single channel. Each FEE channel produces LVDS and analog signals which are fed to FFD electronics.
In addition to the anode pads signals, the Planacon XP85012/A1 has a common MCP output signal. The time resolution obtained with this signal in [14] was slightly worse than the result obtained with anode signal. Our test measurement conˇrms this conclusion. We plan to use these signals from all the counters of both the FFD subarrays for generating pseudo-Vertex and L0-trigger signals. For this purpose, an additional channel with ampliˇer and discriminator is added to the FEE board. A ps-laser system will be applied for calibration and monitoring of the FFD during its operation. Here the experience with PiLas diode lasers obtained in other laboratories will be used. The laser beam is split into 96 + 1 channels. The pulses are fed through optical cables to the front surfaces of quartz bars, and the single channel is needed for reference signal.
The aim of the present R&D stage is (i) developing projects and prototypes of these systems and (ii) studying characteristics both in special test measurements and by MC simulation.
MONTE CARLO SIMULATION
The UrQMD NICA plus GEANT3 code was applied to Monte Carlo (MC) simulation of Au + Au collisions to study trigger and time performance of the FFD. So 1-mm aluminum beam pipe, magneticˇeld of 0.5 T, lead layer with thickness of 7 mm to convert photons to electrons as well as FFD geometry and materials were taken into account. The z positions of collision points have a Gaussian distribution around the center of MPD.
First, characteristics of photons and charged particles coming into the FFD were simulated. The energy spectrum of photons in Au + Au collisions at √ s NN = 5 GeV is shown in Fig. 4 . The spectrum covers a broad energy range and indicates that most photons have to fall within the interval from 100 MeV to a few GeV. The distributions of protons and charged pions, produced in central collisions into the FFD solid angle, are given in Fig. 5 as a function of velocity β for the same energy of colliding nuclei. In quartz, the Cherenkov light can be produced by charged particle with β exceeding threshold value β th ≈ 0.69. The distribution of photon multiplicity as function of an impact parameter is shown in Fig. 6 , a. For central collisions, some photons with a number varying from 1 to 15 pass through the lead converter of each FFD subdetector. The mean number of these photons falls down with increasing impact parameter. Figure 6 , b illustrates background of slower charged particles whose velocities exceed the threshold value of Cherenkov radiation in quartz. These particles are evaluated with the multiplicity of 10Ä30 and the time of ight less than 3.5 ns. The impact of charged particles on the detector characteristics is under investigation. The strong velocity dependence of Cherenkov radiation intensity decreases this Fig. 7 . Here, the mean photon multiplicity in central collisions essentially exceeds the value found in thě rst case of lower energy. The numbers of photons and charged particles coming into the detector acceptance strongly depend on centrality decreasing with the impact parameter. Mean multiplicities of photons and charged particles grow as beam energy increases; therefore, the observed correlation between the FFD response and the impact parameter becomes clearer.
Thus, MC simulation helps reveal that the mean number of photons and charged particles depends on centrality of the collisions at the highest energies. To separate central, semicentral, and peripheral collisions, the FFD information, such as a sum amplitude of output signals and/or these signals number, can be used in combination with data from other fast MPD detectors, like Zero Degree Calorimeter.
Induced by a primary high-energy photon in the lead converter, electrons of β ≈ 1 generate a number of Cherenkov photons in the quartz radiator, and approximately 20% of these photons produce photoelectrons outcoming from a photocathode of the MCP-PMT. The MC simulation estimates the mean multiplicity of the photoelectrons to be over 30 pe for the 15-mm quartz radiator attached to the 2-mm window of the MCP-PMT and, as discussed earlier, it is a necessary condition for good time resolution of the detector.
Additionally, a background of low energy electrons traveling in magneticˇeld along the beam line was studied by means of MC simulation. These electrons hit the radiators of FFD modules and produce small responses, which are randomly distributed over time scale. We found that the intensity of these background events is rather low and slightly in uences detector response and its time characteristics.
The estimated efˇciency of registering Au + Au collisions with a single FFD array at four different energies √ s NN = 5, 7, 9, and 11 GeV and 30-pe bias is shown in Fig. 8 . For collisions at 5 GeV, the efˇciency is ∼ 1 at impact parameters b < 6 fm; then it falls down to 0.9 when b grows up to 12 fm. At higher energies, the efˇciency is ε ≈ 1 for b < 10 fm. It is known that efˇciency of photon registration depends on thickness of the lead converter. The results of simulation of single photon registration by FFD array is shown in Fig. 9 for energy spectrum of the photons given in Fig. 4 . The lead thickness was selected by steps of a few mm within an interval from 2 to 20 mm. The efˇciency grows with lead layer increasing; however, this interrelation becomes weak if thickness exceeds 10 mm. For aˇnal FFD design, the thickness of lead layer should be presumably increased up to the value of 10 mm, which could raise the efˇciency by a factor of ∼ 1.19. It is important for operation of the detector at energies √ s NN < 5 GeV, where the photon multiplicity is low.
PROTOTYPE OF FFD MODULE
As was noted earlier, FFD subdetector array consists of 12 modules. The prototype modules have dimensions of 6.1 × 6.1 × 10 cm. The fused quartz radiators are attached to window of MCP-PMT through special optical grease with high transparency for UV photons. The FEE board sits directly on the XP85012/A1 connectors. Each quartz bar has the transverse dimensions of 26.5 × 26.5 mm and is 15 mm thick, and its side surfaces are covered with aluminized mylar to re ect the Cherenkov photons to the photocathode. The total radiator transverse dimensions of 53 × 53 mm are equal to an active area of the photocathode.
The internal content of the module is schematically shown in Fig. 10, a. A view of two prototypes and their components (quartz radiators, MCP-PMTs, FEE board, and module housing with signal, HV and LV connectors) are shown in Fig. 10 , b. 
MODULE ELECTRONICS
Functional scheme of each FEE channel is given in Fig. 11 . Major elements are a lownoise input ampliˇer with BFR93A transistor, a pulse shaper minimizing signal-to-noise ratio, an RC chainˇltering signal frequency, a fast ampliˇer of ∼ 40 dB gain with MAR-8 chip of DC Å 8 GHz bandwidth, and LMH6703 discriminator (1.2 GHz, Low Distortion Operational Amp). Analog output pulses with ∼ 2-ns rise time are transmitted to readout electronics through a coaxial cable, while the discriminator provides logic signals of the LVDS standard.
The FEE board is shown in Fig. 12 . The board bears onˇve identical channels, where four channels accept signals from the anode pads, as shown in Fig. 11 . One more channel accepts and handles a signal from the speciˇc MCPs output.
The length of LVDS pulses depends on a pulse height of MCP-PMT signal. The pulses with the maximal width correspond to signals with the largest amplitudes induced by high energy photons. One may expect that arrival of several particles in one quartz bar can change timing characteristics of output signal. To study this effect, new MC simulation will be fulˇlled in the future.
EXPERIMENTAL TESTS
Some preliminary tests with the 1-ns light pulses from an LED source demonstrated a necessity of careful design of the FEE inputs, which should provide a minimum time dispersion of signals accepting from individual anode pads. In particular, a time jitter of ∼ 15−20 ps was estimated for the present FEE design. For further improvement of timing, a new version of FEE board is developed.
Theˇrst results on response and time resolution of the FFD module were obtained in test measurements with proton beam of JINR Nuclotron and cosmic muons.
Block diagram of readout electronics used in the test measurements is shown in Fig. 13 . The electronics was developed in the Radium Institute, St. Petersburg. It is based on a specialized module which provides pulse transformation and processing. Main module parts are event selection logic, time-to-amplitude converter (TAC), and pulse amplitude stretcher with charge ampliˇer [20] . Output signals are directed to analog-to-digital converters of the 4ADC-331 type from JINR, charge-to-digital converters of the 8QDC-16136 type also from JINR, and input register (not shown in Fig. 13 ). Time-of-ight measurements are performed with the 32-ps time bin.
In the measurement with proton beam of the 1.95-GeV energy, the protons were randomly distributed within ∼ 2-s bunch of the ∼ 300 protons/bunch intensity. A typical distribution of pulse height measured with the LeCroy oscilloscope (panel a) and ADC (panel b) is shown in Fig. 14 The pulses induced by protons have a rather low dispersion of amplitudes, besides a large empty gap between these pulses and noise. The latter observation is conˇrmed by a distinct A typical timeÄamplitude distribution of events for single channel of the detector (t−A plot) is given in Fig. 15 . This distribution is necessary toˇnd a correction function for experimental data processing. Such corrections are made for both modules, leading to essential decrease in the TOF peak width.
The TOF distributions obtained for the 1.95-GeV protons with and without t−A correction (slewing effect) are presented in Fig. 16 . As a result of the correction, the Gaussian shape indicates σ ≈ 42 ps, which corresponds to σ t ≈ 30 ps for a single channel of the detector.
Tests with cosmic muons were fulˇlled in the Radium Institute, St. Petersburg. The experimental setup consisted of a counter with thin plastic scintillator, two tested FFD modules with the ight distance of 15 cm between them, and a detector with 10-cm-diameter stylbene crystal placed behind 20-cm lead absorber. The duration of typical run was about one week, and ∼ 3000 cosmic events were taken within this period. The TOF spectra with t−A correction for three combinations of the FFD1ÄFFD2 channels (1Ä1, 2Ä2, and 3Ä3) are shown in Fig. 17 . The TOF peaks have σ ≈ 41−44 ps, which corresponds to σ t ≈ 29−31 ps for single channel of the detector.
Finally, we can declare that the time resolution of ≈ 30 ps has been obtained from experimental tests with present FFD prototypes with proton beam and cosmic rays. Taking into account the mentioned time jitter of FEE, we expect even better results after upgrading FEE in the future.
CONCLUSIONS
The concept of Cherenkov FFD is registering high-energy photons from prompt decays of neutral pions. Its aim is to provide fast and effective triggering of Au + Au collisions at the center of the MPD/NICA setup at rather low energies, several GeV per nucleon, and to generate precise start signal with σ t < 50 ps for the TOF detector. Application of advanced photodetectors, based on Planacon MCP-PMTs from Photonis, in the FFD modules allows for design of compact multichannel detector array with high time characteristics, low sensitivity to charged particle background, and good operation in MPD magneticˇeld during not less than ten years of beam time.
The MC simulation of the FFD performance shows that the efˇciency of registering central and semicentral Au + Au collisions in energy range √ s NN 5 GeV by single FFD array with 7-mm lead converter is close to 100%. In the future, we plan to apply 10-mm lead plates in the FFD modules to increase the efˇciency of photon detection and, by means of this, raise the efˇciency of collision triggering at lower beam energies.
The two prototypes of FFD module were designed, manufactured, and tested with LED, proton beam and cosmic rays. The obtained time resolution for single detector channel is σ t ≈ 30 ps, and it is about twice as good as the required value. The measured detector responses for single charged particles with β ≈ 1 correspond to 20Ä30 pe.
Further improvement of FFD module characteristics is planned. The number of photoelectrons will be increased by applying new photodetectors MCP-PMT XP85012/A1-Q with quartz window and quantum efˇciency of 18% at wavelength of 200 nm. A new version of FEE board is also under development to improve time characteristics.
The R&D stage will take next two years till the end of 2014. It includes development and study of the detector subsystems, such as prototypes of the detector module and the front-end electronics, the logic and electronics of Vertex/L0-trigger, the readout electronics, and the ps-laser calibration system. For experimental tests, some special stands will be constructed and new measurements with beams and cosmic rays will be carried out. At this period, we also plan to continue studying the detector performance by means of MC simulation. First of all, the simulation of time responses of FFD modules for events with different particle multiplicity will be investigated. Another important issue for the simulation is more careful study of background particle contribution to the detector responses.
